nucleotide transporter regulates the nucleotide content in airway epithelial mucin granules. Am J Physiol Cell Physiol 304: C976 -C984, 2013. First published March 6, 2013; doi:10.1152/ajpcell.00371.2012.-Nucleotides within the airway surface liquid promote fluid secretion via activation of airway epithelial purinergic receptors. ATP is stored within and released from mucin granules as co-cargo with mucins, but the mechanism by which ATP, and potentially other nucleotides, enter the lumen of mucin granules is not known. We assessed the contribution of the recently identified SLC17A9 vesicle nucleotide transporter (VNUT) to the nucleotide availability within isolated mucin granules and further examined the involvement of VNUT in mucin granule secretion-associated nucleotide release. RT-PCR and Western blot analyses indicated that VNUT is abundantly expressed in airway epithelial goblet-like Calu-3 cells, migrating as a duplex with apparent mobility of 55 and 60 kDa. Subcellular fractionation studies indicated that VNUT55 was associated with high-density mucin granules, whereas VNUT60 was associated with low-density organelles. Immunofluorescence studies showed that recombinant VNUT localized to mucin granules and other organelles. Mucin granules isolated from VNUT short hairpin RNA-expressing cells exhibited a marked reduction of ATP, ADP, AMP, and UTP levels within granules. Ca 2ϩ -regulated vesicular ATP release was markedly reduced in these cells, but mucin secretion was not affected. These results suggest that VNUT is the relevant nucleotide transporter responsible for the uptake of cytosolic nucleotides into mucin granules. By controlling the entry of nucleotides into mucin granules, VNUT contributes to the release of purinergic signaling molecules necessary for the proper hydration of co-released mucins.
Despite the importance of ASL nucleotides in airway physiology, the mechanisms by which airway epithelial cells release nucleotides have just begun to be addressed. For example, we recently demonstrated that plasma membrane pannexin 1 largely contributes to conductive ATP release from normal airways dominated by ciliated cells (22) . Deletion of the pannexin 1 gene resulted in impaired ATP release in mouse tracheas ex vivo (22) .
We also demonstrated that mucin granules are an important additional source of nucleotide release (8, 9, 18) . That is, primary cultures of human airway epithelial cells that were induced to develop goblet cell hyperplasia via respiratory syncytial virus infection or IL-13 exposure acquired enhanced ATP release from the secretory pathway that correlated with increased mucin secretion and was not affected by pannexin inhibitors (18) . Purified mucin granules, i.e., free of other organelle markers, store ATP and, to a greater extent, ADP and AMP (9) , which are released as co-cargo with mucins via Ca 2ϩ -regulated mucin granule exocytosis (8, 9) . Thus, nucleotide release from mucin granules signals in a paracrine fashion to P2Y 2 and A 2B receptors on ciliated cells, promoting ion/water secretion and mucin hydration. While these observations provide insights into how mucin secretion and nucleotide release are coordinated, the mechanisms responsible for the uptake/storage of nucleotides in mucin granules remain uncertain.
Recently, Sawada et al. (20) identified SLC17A9 as a vesicular nucleotide transporter (VNUT) that displays features of the ATP transporter endogenously expressed in chromaffin granules: 1) strong VNUT immunoreactivity was observed in mouse adrenal glands, 2) reconstitution of purified recombinant SLC17A9 into liposomes resulted in ⌬-driven Cl Ϫ -dependent ATP (and ADP) transport activity that was inhibited by DIDS and by Evans blue, and 3) knockdown of SLC17A9 by small interfering RNA decreased ATP release in chromaffin-like PC12 cells (20) . VNUT immunoreactivity also was observed in zymogen granules isolated from pancreatic acini. Zymogen granules exhibited nucleotide uptake, with kinetics, ion dependence, and susceptibility to inhibitors similar to SLC17A9 (6) . Thus, VNUT-mediated ATP uptake into zymogen granules contributes to ATP release with digestive enzymes (24) .
Since VNUT was reported to be expressed in various tissues, including the lung (25) , we hypothesized that VNUT mediates nucleotide uptake in airway epithelial cell mucin granules, thereby contributing to the release of nucleotides from mucinsecreting goblet cells. In this study, we used Calu-3 cells as a model of airway epithelial goblet cells (8, 9) to investigate the expression of VNUT in mucin granules and further examined VNUT's contribution to mucin granule nucleotide content and release.
MATERIALS AND METHODS
Cell culture. Human airway epithelial Calu-3 cells were grown in MEM containing 10% FBS, as previously reported (8) .
Cell fractionation and mucin granule isolation. Mucin granules were isolated following a protocol developed in our laboratory (9) . Briefly, Calu-3 cells were detached, resuspended in ice-cold lysis buffer (20 mM PIPES, pH 6.8, 130 mM potassium glutamate, 3 mM MgCl 2, 0.1 mM CaCl2, 3 mM EGTA, and 300 mM sucrose), and disrupted by cavitation (800 -1,000 psi for 30 min on ice). Lysates were centrifuged for 1 min at 200 g, and the pellet (P1) and supernatant (S1) were separated. S1 was pelleted at 3,000 g for 3 min, and the resulting supernatant (S2) and pellet (P2) were separately processed. P2 was subjected to two consecutive Percoll gradients, and 100-l fractions were collected and processed immediately or stored at Ϫ80°C for further analyses. Typically, a 75-cm 2 confluent culture yields 5-10 mg of protein in the cavitation homogenate and 10 -30 g of protein in the isolated mucin granule fraction (9) .
For isolation of particulate components other than mucin granules, S2 was centrifuged at 10,000 g for 30 min, yielding a mitochondriarich pellet (P3). The resulting supernatant (S3) was diluted 10-fold in lysis buffer (containing no sucrose) and centrifuged at 150,000 g for 3 h, yielding a microsome-rich pellet (P4) and supernatant (S4).
Plasma membranes from Calu-3 cells were isolated using the Plasma Membrane Protein Extraction kit (BioVision Research Products, Mountain View, CA) following the manufacturer's instructions. The plasma membrane was separated from cytosolic fractions by differential centrifugation and detergent/aqueous partitioning, as described elsewhere (28) . Subcellular fractions were identified using organelle markers by immuno-slot blotting using antibodies against MUC5AC (mucin granules), GM130 (Golgi), protein disulfide isomerase [endoplasmic reticulum (ER)], lysosomal-associated membrane protein (LAMP)-1 (lysosome), and mitochondrial cytochrome oxidase subunits III/IV, as we previously described (9) . Antibodies against MUC1 and, when indicated, CFTR were used for plasma membrane identification, as previously described (8) . Immunoblots were developed using a horseradish peroxidase chemiluminescence substrate (Millipore, Billerica, MA), and immunoreactive bands were quantified as previously described (9, 22) .
Purification of recombinant human VNUT. Human VNUT (hVNUT; GenBank accession no. BC025312) was expressed in Escherichia coli C43 (DE3) and subsequently purified, as previously described (15) . Briefly, hVNUT-transformed cells grown in TB medium were induced with isopropyl-␤-D-thiogalactopyranoside, harvested, and disrupted by sonication. E. coli lysates were centrifuged at 5,856 g for 10 min, and the resultant supernatant was further centrifuged at 150,000 g for 1 h. The pellet (suspended at 10 mg/ml) was treated with 1.5% Fos-choline 14 (Affymetrix) and centrifuged at 150,000 g for 1 h, and the supernatant (diluted twice with 20 mM Tris·HCl, pH 7.5, 100 mM NaCl, 10 mM KCl, and 2 mM phenylmethylsulfonyl fluoride) was applied to a column containing 1 ml of Ni-NTA Superflow resin (Qiagen, Valencia, CA). After 1 h, the column was washed, and hVNUT was eluted with washing buffer containing 300 mM imidazole. All procedures were carried out at 4°C, as described elsewhere (15) .
VNUT antibodies. Rabbit polyclonal antibodies against hVNUT were prepared by repeated injection of purified hVNUT with Freund's complete adjuvant and successive injection of Freund's incomplete adjuvant (Santa Cruz Biotechnology). The antiserum was further purified by affinity chromatography, as described elsewhere (20) .
Western blotting. Purified hVNUT was resolved on 10% SDS-PAGE. Calu-3 cell proteins were resolved on 4 -20% SDS-PAGE. Proteins were analyzed by Western blotting using the anti-VNUT antiserum (1:5,000 dilution) generated as described above.
Quantification of nucleotides in isolated mucin granules and cell lysates. Freshly isolated mucin granules and the postnuclear supernatant (S1) were disrupted/denatured with 5% trichloroacetic acid (TCA), the TCA was extracted with ethyl ether, and ATP, ADP, and AMP were quantified using the etheno-derivatization technique, as previously described (12) . UTP was measured using the UDP-glucose pyrophosphorylase assay, which quantifies the UTP-dependent formation of [ 14 C]glucose 1-phosphate to UDP-[ 14 C]glucose, via HPLC, as previously described (13) .
ATP release. ATP release to thin ASL was assessed in real time using the luciferin-luciferase assay, as described elsewhere (17) . Briefly, Calu-3 cells were infected with the indicated short hairpin RNA (shRNA) lentivirus and selected with puromycin (see shRNA) for 1 wk. Cells were transferred to collagen-coated 12-mm Transwell supports (Costar) and grown to confluence in an air-liquid interface (14) in the continued presence of puromycin. Cultures were bilaterally rinsed and transferred to a luminometer (model TD-20/20, Turner Biosystems, Sunnyvale, CA), and 50 l of HBSS-HEPES containing luciferase and luciferin were added to the mucosal compartment. The basolateral compartment was incubated in the presence of 1 ml HEPES-buffered (pH 7.4) HBSS supplemented with 1.6 mM CaCl2 and 0.8 mM MgCl2. Luminescence was recorded as arbitrary light units at 15-s intervals. Calibration curves using known concentrations of ATP were performed at the end of each assay. Parallel cultures were lysed with 5% TCA, and the intracellular ATP content was assessed offline, as previously described (22) .
Mucin secretion. MUC5AC secreted into the mucosal medium was measured by slot-blot analysis, as previously described (8) . Slot blots were scanned and quantified on a LI-COR Odyssey system (Lincoln, NE).
shRNA. Lentiviruses bearing vector-expression clones (pLKO1/ puromycin) containing scrambled and VNUT shRNAs [VNUT shRNA#2 (GCACACTGTAGGATGCTTAAA) and VNUT shRNA#6 (CCACAGTGGCATTTCTGTTAA)] were obtained from the University of North Carolina Lenti-shRNA core facility. Calu-3 cells were infected with the desired lentivirus (0.5 ϫ 10 6 colony-forming units/35-mm dish for 2 h) and subsequently selected with puromycin, as described elsewhere (22) . Puromycin-selected cultures were used for an initial screening of VNUT expression and for ATP release studies. To assess the effect of VNUT shRNA on the composition of isolated mucin granules, we infected 1-mo-old confluent cultures with viruses bearing scramble or VNUT shRNAs, rinsed, and maintained for 2 days with medium without puromycin. On the 2nd day after infection, cells were rinsed and incubated for 20 min with 100 M protease-activated receptor 2-activating peptide to induce secretion of preformed mucin granules (9) . Cultures were rinsed and maintained with medium for an additional day. This protocol maximizes the relative expression of mucin granules formed de novo after shRNA infection. Cells were detached and fractionated, as described above.
RT-PCR analysis. Total RNA was isolated using the RNeasy kit (Qiagen) and reverse-transcribed into cDNA using SuperScript (Invitrogen). Primers used for VNUT amplification are described in Table 1 . Amplified PCR products were identified by sequence analysis at the University of North Carolina DNA sequencing facility. Quantitative PCR (qPCR) was performed using the LightCycler 480 RealTime PCR system, and relative expression levels of the genes of interest was normalized to expression of the reference gene 18S, as previously described (21) .
Overexpression of VNUT and immunofluorescence studies. VNUT cDNA containing a COOH-terminal Myc/His tag was constructed by subcloning SLC17A9 cDNA [GenBank accession no. BC025312 (20) ] into a pcDNA3.1 Myc/His vector (Invitrogen). Calu-3 cells were transfected using Lipofectamine 2000 (Invitrogen) according to the manufacturer's instructions. VNUT and mucin granules where visu-alized by immunofluorescence with anti-Myc and anti-MUC5AC antibodies, respectively, 4 days after transfection, as previously described (7, 23) . Cells were examined using a Zeiss 510 Meta confocal microscopy system, and images were assembled using Adobe Photoshop.
Reagents. Luciferase from Photinus pyralis, Percoll, and anti-␣-tubulin monoclonal antibody were obtained from Sigma (St. Louis, MO); the antibody against cytochrome oxidase subunit III/IV from Molecular Probes (Eugene, OR); and monoclonal anti-MUC5AC (45M1) and MUC1 antibodies from LabVision, Thermo Scientific (Fremont, CA). Anti-human CFTR monoclonal antibodies 596 and 769 (8, 16) were a kind gift from Dr. John Riordan (University of North Carolina Chapel Hill). Luciferin and antibodies against GM130, p230, protein disulfide isomerase, and LAMP-1 were obtained from BD Biosciences Pharmingen (San Jose, CA); anti-Myc polyclonal antibody from Upstate (Lake Placid, NY); and secondary antibodies from Santa Cruz Biotechnology. The protease-activated recepptor 2-activating peptide SLIGKV (PAR2-AP) was synthesized at Tufts University Peptide Synthesis Core Facility. Other chemicals were of the highest purity available and were obtained from sources previously reported.
Data analysis. Statistical analysis was performed using Student's paired t-test (Microsoft Excel 2003) or ANOVA with post hoc Tukey's honestly significant difference (JMP Genomics, version 4.1, SAS, Cary, NC). P Ͻ 0.05 was considered statistically significant.
RESULTS

Expression of VNUT in Calu-3 cells.
Human lung adenocarcinoma-derived Calu-3 cells retain several features of goblet cells, including the abundant expression of dense-core mucin granules and susceptibility to Ca 2ϩ -regulated mucin secretion (8) . In addition, they represent a valuable source for mucin granule isolation (9) . Therefore, we used Calu-3 cells to test the hypothesis that VNUT regulates ATP levels in airway epithelial mucin granules. VNUT expression in Calu-3 cells was first investigated by RT-PCR analysis. Primers designed to amplify the 296-bp segment between positions 986 and 1282 of the VNUT coding sequence (GenBank accession no. BC025312) were used to demonstrate expression of VNUT transcripts (Fig. 1A) . BC025312 encodes a 430-amino acid protein (UniProt identifier Q9BYT1-2) that exhibits nucleotide transport activity (20) . An additional VNUT isoform (GenBank accession no. NM_022082.3) encodes a 436-amino acid putative protein (UniProt identifier Q9BYT1-1), but this isoform has not been isolated/characterized. The two VNUT isoforms result from an alternative splicing at the NH 2 terminus (19, 20) . The 19 and 13 residues comprising the NH 2 -terminal tail of Q9BYT1-1 and Q9BYT1-2 (VNUT-1 and VNUT-2, respectively) are unique for each variant, but both isoforms share 100% homology along the remaining 417 COOH-terminal amino acids. Both isoforms were robustly amplified when forward primers specific for each variant were used (Fig. 1A, right) ; because of limitations in designing isoform-specific primers with similar amplification coefficients, the relative levels of VNUT-1 and VNUT-2 mRNAs could not be assessed by qPCR.
An antibody generated against purified VNUT-2 (see MATE-RIALS AND METHODS) was used to confirm VNUT protein expression in Calu-3 cells by Western blotting. As shown in Fig.  1B , two strong immunoreactive species with apparent motility of 55 and 60 kDa (VNUT55 and VNUT60, respectively) were revealed with the anti-VNUT antibody, but not with its antigen-preabsorbed antiserum. Complementary data verified that this antibody recognizes recombinant hVNUT-2 (Q9BYT1-2) purified from E. coli (Fig. 1Cc ) or in crude extracts of E. coli overexpressing hVNUT-2 ( Fig. 1Cb ), but not in noninduced cells (Fig. 1Ca) . Further validation of this antibody was obtained after knockdown of VNUT expression in Calu-3 cells via shRNA (see Fig. 6 ). Since this antibody was raised against full-length VNUT-2, which exhibits Ͼ90% homology with VNUT-1, whether VNUT-1, VNUT-2, or both contributed to the immunoreactive species described in Fig. 1B could not be determined. 
VNUT55 is expressed in nucleotide-storing mucin granules.
To examine the expression of VNUT in mucin granules, our recently described protocol for mucin granule isolation was implemented (9) . Calu-3 cells were harvested, lysed by N 2 cavitation, and subjected to mild centrifugation (200 g) to sediment nuclei and cell debris. A subsequent 2,000-g centrifugation of the postnuclear supernatant (S1) yielded a pellet (P2) and a supernatant (S2) enriched with VNUT55 and VNUT60, respectively ( Fig. 2A) . The gel-forming mucin MUC5AC distributed ϳ58% and ϳ42% in P2 and S2, respectively, while mitochondria, Golgi, ER, and plasma membrane markers were largely recovered in S2 (Fig. 2B) . Centrifugation of S2 at 10,000 g yielded a mitochondria-rich pellet (P3) nearly devoid of VNUT immunoreactivity; i.e., Ͼ90% VNUT60 was recovered in the postmitochondrial supernatant (S3) (Fig. 2A) , together with markers of lysosomes, ER, Golgi, and plasma membrane (Fig. 2B) . S2-associated MUC5AC also remained mostly in the postmitochondrial supernatant (S3) (Fig. 2B) .
Using Percoll density gradients, we previously showed that highly purified intact mucin granules storing ATP can be isolated from P2 (9) . Since ϳ95% VNUT55 sedimented with P2 (Fig. 2) , the presence of VNUT in mucin granules isolated over Percoll gradients was examined. As shown in Fig. 3 , VNUT55 coeluted with the mucin granule-rich fraction (fraction 4), identified by its MUC5AC content (Fig. 3, A and B) . Markers for mitochondria (cytochrome oxidase), lysosomes (LAMP-1), Golgi (GM130), ER (protein disulfide isomerase), and plasma membrane (MUC1 and CFTR) were negligible in the mucin granule-rich fraction and other fractions from the Percoll gradient, consistent with the Ͼ80% recovery of these organelles with S2, as shown in Fig. 2 and elsewhere (9) .
In agreement with our previous report (9), the mucin granule-rich fraction was enriched with ATP (ϳ1 nmol/mg protein) and, to greater extent, ATP metabolites, i.e., ADP and AMP (not shown) (9) . The total adenylyl nucleotide content (ATP ϩ ADP ϩ AMP) inside the mucin granule (ϳ10 nmol/mg) represented ϳ5-10% of the cellular adenine nucleotide pool. The fact that ATP (or its metabolites) levels in fractions 1-3 and 5-8 of the Percoll gradient were negligible (Fig. 3C and data not shown) (9) suggests that fraction 4 contained nonleaking granules. In addition, the mucin granule-rich fraction contained UTP (ϳ0.3 nmol/mg protein). Since the ratio of ATP to UTP within the mucin granule (ϳ3.0) was similar to the ATP-to-UTP ratio measured in S3 (Fig. 3C) , the data suggest that ATP and UTP enter the mucin granule by a common mechanism that reflects their cytosolic concentrations.
VNUT60 is associated with low-density vesicles. The postmitochondrial supernatant (S3) was centrifuged for 3 h at 150,000 g, and VNUT60 was nearly completely recovered with the pellet (P4) (Fig. 4A) . Markers of lysosomes, ER, Golgi, and plasma membrane also were largely recovered with P4. Relative to their initial input (S1), 85% VNUT60 was recovered in P4, together with Ͼ80% of ER/Golgi, lysosomes, and plasma membrane markers. In contrast, only a minor fraction of MUC5AC was recovered with P4 (18 Ϯ 7%) and S4 (14 Ϯ 7%) (Fig. 4A) , suggesting that the MUC5AC immunoreactivity not associated with the mucin granule-rich fraction isolated in Fig. 3 reflected mucins released from damaged granules during the cell cavitation/fractionation. Although VNUT has been described as a vesicular transporter (20) , its expression as a plasma membrane protein has not been formally examined. Our above-described protocol for cell homogenization and fractionation was optimized for mucin granule isolation, but not for plasma membrane purification. Therefore, to isolate the plasma membrane, Calu-3 cells were homogenized and subjected to differential centrifugation and detergent/aqueous partitioning, as described elsewhere (28) . As shown in Fig. 4B , the plasma membrane-rich fraction (identified by its MUC1 content) displayed negligible VNUT immunoreactivity; VNUT60 was entirely recovered within cellular organelle membranes (identified with the Golgi marker GM130). Collectively, the data in Figs. 2-4 indicate that VNUT55 is associated with nucleotide-storing mucin granules and that VNUT60 is associated with low-density vesicles.
Recombinant VNUT localizes to mucin granules and vesicles.
Since the anti-VNUT antibody (see above) is not suitable for immunohistochemistry, Calu-3 cells were transfected with Myc-tagged VNUT-2, and the cellular distribution of Myc immunoreactivity was examined by confocal microscopy. Strong vesicular Myc immunoreactivity was observed in transfected Calu-3 cells (Fig. 5A) . Myc immunoreactivity was observed co-localizing with the mucin granule marker MUC5AC and also in vesicular compartments that stained negative for MUC5AC (Fig. 5A) . Calu-3 cells transfected with empty vector showed no Myc immunoreactivity (Fig. 5B) .
VNUT regulates the nucleotide content in mucin granules. Having shown that nucleotide-storing mucin granules contain one form of VNUT (i.e., VNUT55), we investigated the extent to which VNUT knockdown affects the nucleotide content within granules. By screening a shRNA lentiviral library, two shRNA constructs that were stably expressed in Calu-3 cells caused robust VNUT expression reduction. Calu-3 cells expressing VNUT shRNA2 and VNUT shRNA6 displayed 75% and 67% reduction of VNUT mRNA levels, respectively, relative to scramble shRNA-expressing cells (Fig. 6A) . Consistent with these results, VNUT immunoreactivity (VNUT55 and VNUT60), but not the housekeeping protein tubulin, was markedly reduced in Western blots of Calu-3 cells stably expressing VNUT shRNA2 and VNUT shRNA6 (Fig. 6B) .
Next, mucin granules were isolated (as shown in Figs. 2 and 3) from Calu-3 cells that were freshly infected with the abovedescribed shRNA lentiviruses (experiments using VNUT shRNA6 are shown in Figs. 7 and 8, and VNUT shRNA2-infected cells rendered nearly identical results). Acute VNUT shRNA infection decreased VNUT expression (Fig. 7, A and B) to levels similar to those observed above with stably infected cells. That is, Calu-3 cells acutely expressing VNUT shRNA exhibited a marked reduction of VNUT mRNA levels (Fig.  7A) , which was accompanied by ϳ70% reduction of VNUT55-and VNUT60-immunoreactive bands, relative to scramble shRNA (Fig. 7B) . No effect was observed on MUC5AC Fig. 2 ) was centrifuged at 150,000 g for 3 h, and the resulting pellet (P4) and supernatant (S4) were analyzed by Western blot. Values [percentage of recovery relative to postnuclear supernatant (S1)] are means Ϯ SD from Ն3 independent experiments. B: plasma membranerich fraction was isolated using the Plasma Membrane Protein Extraction kit. Equivalent aliquots of the resulting plasma membrane and cellular organelle membrane (Org) fractions were analyzed by Western blotting (VNUT) and slot blotting (MUC1 and GM130) and quantified as described in Fig. 2 legend. Values are means Ϯ SD from Ն3 independent experiments. mRNA expression (Fig. 7, A and B) . As predicted, mucin granules isolated from VNUT shRNA-infected cells exhibited a marked reduction of VNUT55 immunoreactivity; MUC5AC levels in mucin granules were not affected by VNUT shRNA (Fig. 7C) .
VNUT shRNA have no apparent effect on the total cell content of ATP and UTP. That is, ATP levels in the total cell lysate from scramble shRNA-and VNUT shRNA-infected cells were 108 Ϯ 9 and 94.5 Ϯ 5 nmol/mg protein, respectively; the total cellular UTP content was 33 Ϯ 5 and 31 Ϯ 3 nmol/mg protein in VNUT shRNA-expressing and control cells, respectively. In contrast, nucleotide levels in the mucin granule fraction were markedly reduced in VNUT shRNAexpressing cells. As shown in Fig. 7D , ATP levels in the mucin granule fraction isolated from VNUT shRNA-infected cells were reduced to one-third relative to levels measured in mucin granules from control cells (0.4 Ϯ 0.1 and 1.1 Ϯ 0.2 nmol/mg protein in VNUT shRNA-and scramble shRNA-infected cells, respectively). Levels of ADP and AMP in mucin granules also were reduced in VNUT shRNA-infected cells (45% and 55%, respectively, compared with scramble shRNA-infected cells). Similar to ATP, VNUT knockdown markedly reduced the UTP content in the mucin granule fraction compared with scramble shRNA-infected cells (0.12 Ϯ 0.03 and 0.36 Ϯ 0.04 nmol/mg protein, respectively; Fig. 7D) .
VNUT knockdown reduces Ca 2ϩ -promoted ATP release from Calu-3 cells. Previously, we showed that Ca 2ϩ -regulated mucin secretion is accompanied by nucleotide release from mucin granules (8, 9) . To assess the extent to which VNUT knockdown affects the magnitude of ATP release from mucinsecreting cells, ATP release was measured in response to the Ca 2ϩ ionophore ionomycin, a potent mucin secretagogue (8) . As shown in Fig. 8, A and B, ionomycin-promoted ATP release was markedly reduced in cells expressing VNUT shRNA compared with scramble shRNA. Ionomycin-promoted mucin secretion was not affected by the VNUT knockdown (Fig. 8C) .
DISCUSSION
Mucin granules represent an important source of nucleotide release from mucin-secreting airway epithelia (9) . Therefore, identifying the mechanisms of nucleotide storage within mucin granules is highly relevant to airway pathophysiology. Utilizing knockdown approaches that efficiently reduced VNUT expression in mucin granules, we provide evidence that VNUT is the relevant mucin granule nucleotide transporter. By con- . VNUT short hairpin RNA2 [shRNA2 (sh2)] and shRNA6 (sh6) reduced VNUT expression in Calu-3 cells. Cells were infected with lentivirus carrying scramble shRNA (scr), VNUT shRNA2, or VNUT shRNA6 and selected for 10 days with puromycin before RNA and protein extraction. A: quantification of VNUT mRNA levels using primers for the common region for both VNUT isoforms (see Table 1 ). B: representative Western blot. TUB, tubulin. Values are means Ϯ SD from 3 independent experiments. *P Ͻ 0.05.
trolling the nucleotide content within mucin granules, VNUT contributes to the release of nucleotides from mucin-secreting goblet cells. VNUT has been initially identified as the vesicular nucleotide transporter responsible for the uptake of cytosolic ATP into secretory granules of chromaffin cells (20) . VNUT is predicted to encode 12 transmembrane domains with putative NH 2 -and COOH-terminal tails facing the cytosol. Two splice variants of human VNUT, Q9BYT1-1 and Q9BYT1-2, have been described. Q9BYT1-2 (VNUT-2) encodes a functional protein that, when reconstituted in liposomes, exhibits nucleotide transport activities consistent with the ATP transporter endogenously expressed in chromaffin (1, 20) and zymogen (6) granules. VNUT-1 has not been characterized. VNUT-1 and VNUT-2 differ from each other at the NH 2 -terminal cytoplasmic tail, but whether differences in the NH 2 -terminal tail confer tissue specificity and/or subcellular localization selectivity is not known. Since mRNA for both splice variants was amplified from Calu-3 cells, it could be speculated that the two major VNUT-immunoreactive bands detected in these cells, VNUT55 and VNUT60, represent Q9BYT1-2 and Q9BYT1-1, respectively. However, the migratory pattern of VNUT may be affected by posttranslational modifications, as previously proposed for Q9BYT1-2 (20) . The anti-VNUT antibody used in the current study was raised against full-length Q9BYT1-2, which shares Ͼ90% homology with Q9BYT1-1. Thus we could not conclusively identify the VNUT isoform(s) present in Calu-3 cells. Furthermore, because of the lack of isoform-specific primers with similar amplification coefficients for qPCR analysis, the relative abundance of VNUT mRNA variants could not be determined. Similarly, attempts to selectively knock down VNUT variants were hampered by the unavailability of small interference oligonucleotides specific for either VNUT species. However, differential centrifugation protocols were used to resolve VNUT-immunoreactive bands in two subcellular fractions. VNUT55 was recovered with the mucin granule-rich fraction (Figs. 2 and 3) , while VNUT60 sedimented with low-density vesicles associated with the lysosome/ER/Golgirich fraction (Fig. 4) . Importantly, overexpression of recombinant Myc-tagged Q9BYT1-2 (VNUT-2) resulted in strong Myc immunoreactivity that localized to mucin granules and other vesicular compartments (Fig. 5) . One interpretation of this observation is that posttranslational modifications of a single VNUT isoform could have accounted for the multiple subcellular localization of VNUT in Calu-3 cells. A more conclusive assessment of VNUT-1 and VNUT-2 localization/function in goblet cells awaits the generation of VNUT isoform-specific probes (e.g., isoform-specific antibodies).
VNUT knockdown markedly reduced mucin granule ATP, ADP, and AMP content. Our data showing that VNUT shRNA decreased UTP concentrations within mucin granules suggest that VNUT transports UTP in addition to ATP. This notion is in agreement with published studies indicating that UTP reduced the uptake of ATP in VNUT-reconstituted proteoliposomes (20) and that ATP and UTP were equally transported into chromaffin granules (now known to express VNUT) (1) . While ATP and UTP content in the mucin granule represented a small (ϳ1%) fraction of the total cellular ATP and UTP content, the ratio of ATP to UTP in the mucin granule fraction coincided with the cytosolic ATP-to-UTP ratio, suggesting that these nucleotides are transported with kinetics that reflect their cytosolic concentrations. Together, these results reinforce the hypothesis that VNUT transports UTP in addition to ATP. While ATP represented ϳ80% of the total adenine nucleotide pool in the cell lysate, ADP and AMP accounted for 90% of the purine pool in the mucin granule fraction, suggesting that ATP is largely dephosphorylated upon entry into the mucin granule, as previously proposed (9) . However, we cannot rule out the possibility that VNUT transported cytosolic ADP, as previously suggested (20) .
Whether luminal ATP is necessary for mucin maturation/ organization in the mucin granule is not known. Our data indicate that a 70% reduction of ATP levels inside the mucin granule has no apparent effect on mucin content and secretion. Lack of complete reduction of intragranular ATP prevented us from speculating on the role of intragranular ATP in the content and quality of packed mucins.
Regardless of the role of ATP inside the mucin granule, VNUT knockdown reduced the amount of ATP released with secreted mucins, strongly suggesting that VNUT contributes to the cellular release of nucleotide signaling molecules from mucin granules.
A scenario in which ATP released from secretory granules contributes in an autocrine fashion to the physiological secretion of co-cargo molecules has been recently described with insulin-secreting ␤-cells. That is, in pancreatic ␤-cells, extracellular glucose promotes Ca 2ϩ -dependent insulin granule exocytosis. ATP released from insulin granules further stimulates P2X receptors on ␤-cells, which in turn enhances insulin granule exocytosis (5) . Reduction of VNUT expression in ␤-cells via shRNA markedly reduced ATP (but not insulin) levels in insulin granules and reduced glucose-evoked ATP release and insulin secretion (5) .
Like ␤-cells, ATP released with mucins is predicted to act as an autocrine stimulus, further enhancing mucin secretion via activation of P2Y 2 receptors on goblet cells (2). Our results in Fig. 8 indicate that VNUT knockdown reduces ATP release without affecting mucin secretion. However, unlike native airway epithelial goblet cells, the Calu-3 cells used in our studies do not express P2Y 2 receptors; therefore, assessment of the impact of mucin granule ATP depletion on mucin secretion could not be appreciated in this study.
However, it is worth noting that ATP represents a minor (Ͻ10%) fraction of the adenine nucleotide pool stored in mucin granules, with ADP (60%) and AMP (30%) representing the predominant species (9; present study). Thus, mucin granules release ADP/AMP in preference to ATP (9) . Such a pattern of nucleotide release from goblet cells offers a potential physiological advantage of selectively activating ion/water transport activities on neighboring ciliated cells. Specifically, released ADP/ AMP Ͼ ATP provides an abundant source for the production of extracellular adenosine, which promotes liquid secretion via an A 2b receptor/CFTR-mediated mechanism on ciliated cells (3, 11) . Such a mechanism maximizes the capacity to hydrate mucins in normal airways while minimizing autocrine feedback on mucin secretion via goblet cell P2Y 2 receptors. Although we cannot rule out the possibility that vesicular pathways, in addition to mucin granules (23) , represent an additional source of nucleotide release in mucin-secreting cells, our results suggest that mucin granuleassociated VNUT is an important contributor to the cellular release of nucleotides as extracellular warning signals at the initial steps of mucin secretion.
Calu-3 cells, which constitute a mixed population of nonmucous and goblet cells (8) , exhibit pannexin 1-dependent and Ca 2ϩ -regulated exocytotic pathways for ATP release. We have shown that pannexin 1 shRNA reduced ATP release in Calu-3 cells exposed to hypotonicity (22) , and thrombin-stimulated ATP release from Calu-3 cells was reduced by the pannexin inhibitor carbenoxolone (9) . However, residual ATP release that was associated with Ca 2ϩ -regulated exocytosis of mucin granules persisted in thrombin-stimulated Calu-3 cells after complete inhibition of pannexin (9) . We have also demonstrated that treatment of Calu-3 cells with ionomycin resulted in robust mucin granule exocytosis that was accompanied by ATP release; mucin secretion and ATP release in response to ionomycin were blunted after treatment of Calu-3 cells with inhibitors of the secretory pathway, and bafilomycin A1 [an inhibitor of the H ϩ -ATPase that facilitates vesicular ATP transport via VNUT (20) ] markedly reduced ionomycin-promoted ATP release from Calu-3 cells (8) . Lastly, as shown in the current study, ionomycin induced Ca 2ϩ -regulated mucin secretion and VNUT-dependent ATP release in Calu-3 cells. Collectively, our results are consistent with the notion that pannexin 1-and VNUT-dependent pathways contribute separately to the release of ATP from airway epithelial cells.
In summary, our finding that VNUT55 is functionally expressed in mucin granules supports the concept that VNUT is the relevant nucleotide transporter of canonical secretory granules, as reported with synaptic vesicles (10) and chromaffin (20) and zymogen (6) granules. The finding that VNUT immunoreactivity is also associated with mucin-free vesicles in Calu-3 cells is consistent with recent studies illustrating VNUT expression in vesicles and/or VNUT-dependent ATP release in cells lacking dense-core, bona fide secretory granules, e.g., biliary epithelial cells, T lymphocytes, and alveolar epitheliallike A549 cells (19, 26, 27) . Future studies are needed to address whether VNUT60-rich vesicles are additional contributors to the ATP release observed in mucin-secreting goblet cells.
